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Introduction

Biomass energy
Renewable energy sources (RES), including biomass, hydropower, geothermal, solar, wind and marine energies, provide 14% of the total world energy demand [1] . Among the RES, biomass energy derived from agricultural, forest and municipal solid wastes is considered as one of the most promising alternatives [2] , due to its abundant resources and neutral property in CO 2 circulation. According to the global renewable energy scenario by 2040 (Table 1) , the share of biomass is much more than other RES, contributing more than 50% of the total RES [1] . In addition, bioenergy has various social and environmental benefits, such as reducing the emission of greenhouse gases (GHGs), NO x and SO x , lowering the risk of soil and water acidification, increasing the value of agricultural output, and decreasing the dependence on fossil energy [3] . The increasing consumption and high price of fossil energy (coal, oil and natural gas), together with the rising threat of global warming, make the utilization of biomass more and more attractive [4] . Biomass energy has been the fourth largest energy source since 1990, and occupies 13% of the world's total primary energy consumption (55 EJ per year) ( Figure 1 ). Specifically, a much larger proportion of 33% is obtained for biomass in developing countries, containing 75% of world's population [5] , because agriculture is a major industry in developing countries [6] . In addition, it is estimated in the renewable intensive global energy scenario (RIGES) in 1992 that, by 2050, biomass could provide half of the world's total primary energy consumption (400 EJ per year), and almost 60% of electricity demand in the world could be supplied by renewables among which biomass is an important feedstock [7] .
Biomass is mainly composed of cellulose, hemicellulose, lignin and minerals [8] . Biomass can be utilized to produce heat, electricity and various chemical feedstock by various methods including thermal-chemical processes and bio-chemical processes. The thermal-chemical processing of biomass includes direct combustion, pyrolysis and gasification [9] . Among them, biomass gasification is one of the most economical and efficient methods to convert biomass into energy species. [10, 11] . <Table 1> <Figure 1>
Biomass gasification
Gasification of biomass is a thermal-chemical process where carbonaceous materials can be converted to combustive gas fuel in the presence of limited amount of oxidizing agents (e.g. O 2 , air, steam, CO 2 ) at relative high temperatures (>700 o C). [10, 11] On one hand, the processing of biomass wastes is beneficial to the reduction of landfill disposal and global warming [12] . On the other hand, the obtained syngas from biomass gasification can be used as secondary raw feedstock to produce methanol, dimethylether (DME), ethanol, Fischer-Tropsch fuels, as well as generating heat and electricity [13] . Meanwhile, some undesirable by-products, such as tar and solid particulates, are also generated [14] . The main processes and reactions of biomass gasification are shown in Figure 2 . It is indicated that biomass gasification can be generally classified into four steps: drying, pyrolysis, oxidation, and gasification [15] . The exceeded moisture should be evaporated firstly upon heating the wet solid biomass to around 200 o C to generate dry fuel. Pyrolysis mainly occurs in the temperature range of 150-900 o C, where the cellulose, hemicellulose and lignin are decomposed into gases (such as CO, CO 2 and CH 4 ), condensable liquids and carbon-rich char. The condensable liquid of "Tar" contains complex and various organic and inorganic compounds. The oxidation is a significant process occurring at more than 700 o C, where the pyrolysis products (such as CO, CH 4 and C) are oxidized to CO, CO 2 , H 2 O, etc in the presence of oxidants (e.g. air and H 2 O). The main reactions during oxidation process are the endothermic oxidation reactions of pyrolysis products, as shown in Figure 2 . In general, within the gasification process,, a series of reactions, such as cracking, reforming, condensation, polymerization, oxidation and gasification reactions, take place in the presence of air, steam and CO 2 [16, 17] . The final products of the entire biomass gasification process contain synthetic gas (such as H 2 , CO, CO 2 and CH 4 ), condensable tar, and solid char [18] .
<Figure 2>
Evans and Milne [19] classified the main processes of biomass gasification as the primary process (primary oxygenates), secondary process (hydrocarbon) and tertiary process (large aromatic). The conversion pathway of biomass gasification in the solid, liquid and vapor phases are presented in Figure 3 . During the primary process, solid biomass is converted to primary oxygenated vapors, primary liquids and gaseous H 2 O, CO and CO 2 in the temperature range of 400-700 o C. The primary oxygenated vapors are of lower molecular weight, including the monomers and monomer fragments of the biopolymers, such as levoglucosan, furfural, hydroxyacetaldehyde and methoxy phenols [20] . Only slight cracking reactions occur to generate lighter aromatics and oxygenates, and no chemical interactions are observed between the organic components of biomass during primary process.
During the secondary process, light olefins, aromatics, and gaseous H 2 O, H 2 , CO and CO 2 are generated from the cracking of methoxy phenols at 700-850 o C. In addition, the primary liquids form condensable oil that contains phenol and aromatics. For the tertiary process, the further increase of temperature to above 850-1000 o C leads to the continuous formation of polycyclic aromatic hydrocarbons (PAHs), as well as CO, H 2 , CO 2 and H 2 O through the high-temperature conversion process such as gasification and combustion. The tar compounds generally contain benzene, toluene, indene, naphthalene, anthracene, phenanthrene, and pyrene that are derived from the polymerization of the hydrocarbons with low molecular weight. In addition, the condensation of these tar compounds results in the formation of a liquid mixture at low temperatures.
In addition to the gaseous and liquid products, different kinds of solid products are also generated through different processes and defined on the basis of their origins. For example, charcoal is produced in the primary process and maintains the property of original lignocellulose. Both coke and soot are formed in the secondary and tertiary processes, where coke is derived from the thermolysis of the depositional liquid and organic vapors, and soot is produced from the homogeneous nucleation of the intermediates decomposed from the hydrocarbons in the vapor phase at high temperatures.
<Figure 3>
Tar issues
Among the products derived from biomass gasification, the presence of tar in syngas is one of the most critical barriers limiting the commercial application of biomass gasification. Tar is a complex mixture of condensable organic compounds including single to multiple ring aromatic compounds, along with oxygenates and heavy PAHs [21, 22] . The content of tar varies from 1.0 to 100 g/m 3 depending on gasifer type, feed type and operation parameters, etc. [23] . The formation of tar will cause several problems, such as the loss of chemical energy in syngas, soot formation, and the decrease of overall energy efficiency [24, 25] . In addition, tar can condensate and polymerize to form heavier structures, leading to the contamination and plugging of pipe, engines, turbine, filter and heater exchanges, and the poison of catalysts during biomass gasification and biogas utilization [26] [27] [28] . Therefore, tar content generally should be controlled below 1.0 g/m 3 for the commercial application of fuel gas [29] . Based on this, the purification of fuel gas and the destruction of tar are necessary for the application of gasification technologies [30] .
The objectives of this review
Based on the above analysis, the efficient and economic removal of undesirable tar in biomass gasification are reviewed in this work, aiming at giving guidance for future studies towards the commercial application of biomass gasification. Until now, catalytic steam reforming of tar has been widely reviewed in similar papers. For example, previous articles focused on reviewing different technologies for tar removal, such as physical methods, thermal removal, catalytic reforming, plasma reforming and partial oxidation, etc. [30] [31] [32] [33] . In addition, some other review papers focused on catalytic reforming of tar by categorizing the catalysts as nickel-based catalysts, non-nickel based catalysts, alkali metal catalysts, basic catalysts, acid catalysts, active carbon catalysts, etc. [9, 14, [34] [35] [36] . Among the different kinds of catalysts, Ni-based steam-reforming catalysts have attracted much attention due to the high activity, low-cost and easy regeneration. However, the deactivation caused by the coke deposition and sintering remains the greatest challenge for their commercial application. Therefore, the modified Ni-based catalysts are now most frequently used for catalytic reforming of tar. At present, few review articles reported the modification methods and the development of Ni-based catalysts. Based on this, the preparation, modification and development methods of Ni-based catalysts for catalytic reforming of tar are reviewed in this paper, aiming at promoting the catalytic performance of conventional Ni-based catalysts, in terms of catalytic activity, long-term stability and selectivity towards low-molecular valuable compounds.
The research contributions will be summarized in the following sections.  In section 2, the properties, formation mechanism and common removal methods of undesirable tar during biomass gasification are introduced. Then catalytic reforming of tar over Ni-based catalysts, as the most promising method, is presented. However, their disadvantages of the limited catalytic activity are also addressed, as well as the difficulty to be regenerated, the easy deactivation caused by sintering, carbon deposition and the poisoning of sulfur in biomass gasification.  In section 3, based on the disadvantages of using traditional Ni-based catalysts during steam reforming of tar, the modification and development of Ni-based catalysts are summarized. This section is the core of this article. The methods of modifying Ni-based catalyst for catalytic tar reduction include (1) the activation of active metals by alloying with secondary metals such as other transition metals and noble metals; (2) the addition of promoters such as doping rare earth metals, alkaline-earth metals and alkali metals; (3) the enhancement of supporting materials and (4) the improvement of catalyst preparation methods by selecting appropriate Ni precursors, preparation modes, calcined temperature and Ni/promoter ratio.  In section 4, the remarkable conclusions about the catalytic steam reforming of tar over modified Ni catalysts during biomass gasification are summarized.
Steam reforming of biomass tar
Tar formation, properties and removal
Tar is the most undesirable by-products during biomass gasification. The composition of tar is significantly varied based on the feedstock, the type of gasifier and gasification temperature. The dominant components of tar are changed from oxygenates with low molecular weight to light and heavy hydrocarbons with the increase of gasification temperature from 400 to 1000 o C ( Figure  3 ). Different classification strategies have been proposed previously. On one hand, tar can be classified as primary, secondary and tertiary tar based on the three gasification processes as presented in Figure 3 [15, 37] . On the other hand, tar can be divided into five classes based on the molecular weight, as shown in Table 2 .
The pathways of primary, secondary and tertiary tar formation are complex, which contain cracking, polymerization, dehydrogenation, oxidation, and hydrogenation processes. Figure 4 shows the proposed mechanism of tar formation, assuming lignin as the biomass representative. The reaction pathway was deduced based on the most thermodynamically favorable reactions [37] . Lignin was firstly cracked to form three monomers of 2, 6-dimethoxyphenol (C 8 H 10 O 3 ), guaiacol (C 7 H 8 O 2 ) and furfural (C 5 H 4 O 2 ), typical primary tar compounds. The subsequent gasification led to the formation of secondary tars such as phenol, cresol, and xylene, etc. Phenol and cresol are the significant precursor of PAHs formation via precursor synthesis pathway [38] . Phenol was converted to cyclopentadiene by losing CO [39] . Then the produced cyclopentadiene underwent a Diels-Alder reaction, leading to the formation of dimer. This equilibrium system was rearranged by losing hydrogen to form the tertiary tars of naphthalene and indene [40] . With temperature increasing to over 800 o C, the light PAHs recombined to heavy PAHs such as chrysene, pyrene and phenanthrene [41] .
Considering the properties of the complex tar and the challenges of tar for syngas application, the removal of tar has been extensively studied. Generally, tar is removed or destructed after a gasifer, using mechanical separation (cyclone, wet scrubber, filter, and electrostatic precipitator) and thermal-chemical methods (thermal destruction [42, 43] , catalytic steam reforming [44, 45] , plasma reforming [24, 26, 46] , partial oxidation [47, 48] and miscellaneous reforming [25] ). The mechanical method can remove tar from flue gas, however, the secondary pollution and the loss of chemical energy in tar make it unattractive [34] . As for the thermal destruction of tar, a relative high temperature, generally over 1000 o C is needed, and thus leading to higher energy consumption with lower overall efficiency, and tougher requirements of equipment [49] . Non-thermal plasma (NTP) is conducted at ambient temperature and was reported to efficiently remove tar from biomass (>95%) [50, 51] . However, the lower energy efficiency, lower selectivity of syngas and the undesired formation of by-products by using NTP limit its commercial application [52, 53] . Among the different processes mentioned above, catalytic steam reforming seems to be an attractive alternative since it can convert tar to useful products at relative lower temperatures of around 600 o C [54] . [14, 15, 60, 61] : (I) high efficiency on tar removal; (II) suitable ratio of desired products (such as syngas); (III) high resistance to deactivation caused by metal sintering, coking and fouling; (IV) easy regeneration; (V) considerable mechanical strength for the commercial application; and (VI) low cost and easy availability.
Based on the multiple characters of steam reforming catalysts, it is reported that the supported metal catalysts (such as Ni, Co, Fe, Pt, Pd and combinations of metals) are most effective in catalytic destruction of tar [62] [63] [64] [65] [66] [67] . Among these catalysts, Ni-based catalysts are most widely used due to its high activity, low cost and easy regeneration [54] . Besides, Ni-based catalysts exhibit a good activity/cost ratio. The high activity of Ni-based catalysts might be attributed to that metallic nickel is a main active component [68] to activate the C-H and C-C bonds of tar compounds [69] . It can also activate H 2 O and CO 2 that participate in tar reforming [45] and WGS reactions [70] [71] [72] [73] . Therefore, various Ni-based catalysts are commercial available for tar removal. The most commonly used supports for commercial Ni-based catalysts in steam reforming of tar are alumina (Al 2 O 3 ) and its modifications [59, 74] .
Zhang et al. [75] investigated catalytic destruction of tar over commercial Ni-based catalysts , aiming at improving the yield of syngas. The tar conversion system was composed of a guard bed and catalytic reactor. Three commercial Ni-based catalysts labeled as ICI46-1, Z409 and RZ409 were proved to be effective in removing heavy tars with a destruction efficiency of >99%. Hydrogen yield was improved by 6-11 vol% (dry basis) in the presence of the commercial catalysts. With temperature increasing, the hydrogen yield was increased and light hydrocarbons yield (CH 4 and C 2 H 4 ) was reduced, indicating that tar decomposition was controlled by chemical kinetics. The obtained results also showed that the space velocity had little impact on gas compositions.
Coll et al. [76] studied the destruction of different model tar compounds (benzene, toluene, naphthalene, anthracene, and pyrene) in the presence of two commercial nickel catalysts (UCG90-C and ICI46-1) at 700-800 o C. The reactivity of these model tars decreased in the sequence of benzene > toluene > anthracene > pyrene > naphthalene. Toluene conversion rate was in the range of 40-80% with the ICI46-1 catalyst, and 20-60% for the UCI G90-C catalyst.
Besides, Laosiripojana et al. [77] methyl naphthalene demonstrated the lowest reactivity. Although higher reactivity was obtained for the oxygenates, carbon deposition on the catalyst was also promoted (in the 1.5-2.8 wt.% range) compared with the catalytic reforming of aromatic hydrocarbons. The carbon conversion and H 2 formation both increased with the increase of Ni loading from 5% to 20%. However, these values decreased with increasing Ni loading further to 40% due to the increased Ni particle size and reduced specific surface area of the catalysts. Simultaneously, the formation of coke was increased with the increase of Ni loading and attained its maximum formation rate of 6.5 wt.% with the 40 wt.% Ni catalyst.
Although Ni-based catalysts show high activity on catalytic tar removal, it should be noted that the presence of high temperature, high-pressure steam, hydrocarbons, and impurities create a severe environment for Ni-based steam reforming catalysts. These factors make the nickel steam-reforming catalysts encounter four challenges including activity, sulfur poisoning, carbon formation, and sintering, which are strongly interconnected [79] [80] [81] . Therefore, developing catalysts with high activity and resistance to deactivation caused by sintering, poisoning and coke deposition are of significant importance for catalytic steam reforming of tar.
It is proved that the activity and characteristics of catalysts mainly depend on the physical chemistry, structural and textural properties, such as active area, metal particle size, metal dispersion and reducibility. The mentioned properties depend on metal-support interaction, which can be manipulated by various methods. In order to enhance the sulfur tolerance, resistance to sintering and prohibition of carbon formation, several attempts have been made to modify catalyst preparation methods [82, 83] and add accessory promoters (such as noble metal or alkali) [79] .
In this paper, the modification methods of conventional Ni steam-reforming catalysts were reviewed in relation to: (1) the modification of active metal (Ni) by alloying with other transition metals (e.g. Fe, Co, Mn and Cu) and noble metals (e.g. Pt, Ru, Pd); (2) the addition of various promoters such as rare earth metals (e.g. La, Ce, Pr, Sm), alkalis (e.g. K, Na, Li) and alkaline-earth metals (e.g. Mg, Ca, Sr, Ba); (3) the enhancement of supports by combining Al 2 O 3 with additives or switching to novel non-Al 2 O 3 -based materials; (4) and the improvement of catalyst preparation methods by selecting optimizing nickel precursors and synthesizing methods.
Ni-based catalysts for Catalytic steam reforming of tar
Active metal, promoter, support and preparation methods are considered to be the most important factors influencing the catalytic activities of catalysts [14, 84] . Therefore, the modification of Ni-based steam reforming catalysts are mainly reviewed in four aspects, covering the activation of active metals, the addition of promoters, the enhancement of supports and the optimization of preparation methods. The active site of the catalysts reviewed in this work is Ni. The addition of promoters could positively influence the catalytic activity, metal reducibility, the regenerability of spent catalysts and the resistance to catalyst deactivation. In addition, catalyst supports should supply a matrix with high specific surface area, good durability and resistance to coke and sintering [14] . In addition, the preparation methods can help synthesize catalysts with smaller metal nanoparticles, higher Ni dispersion and stronger metal-support interaction [85] . Table 3 shows a summary of catalytic conditioning studies using modified nickel-based catalysts.
<Table 3>
Influence of Ni precursors
Ni steam reforming catalysts were most commonly prepared by impregnation method using a nickel precursor, followed by drying and thermal treatment. Therefore, the selection of Ni precursors is considered as one of the most important factors for the preparation of Ni-based catalysts. As reported in previous studies, the reduction degrees and dispersion of nickel, and the particle sizes of Ni/Al 2 O 3 catalysts closely depended on the anion size and property of nickel precursors [98] [99] [100] .
Among different Ni compounds, nickel nitrate is the most commonly used precursor for the preparation of Ni-based catalysts due to the low cost, high water solubility and easily decomposing at moderate temperatures [101] . Park et al. [102] found that, with the exception of nickel nitrate, all the selected Ni-precursors (chloride and sulfate) caused obvious catalyst deactivation in the process of catalytic reforming. The conversion of benzene was less than 1% using NiCl 2 due to the strong interactions between the Cl atoms inside the pore and the support. The catalysts prepared using the precursor of Ni(SO 4 ) 3 ·6H 2 O exhibited even lower activity with negligible benzene conversion of <0.2%, which might be attributed to the poisoning of the catalyst by H 2 S produced by reduction. Although the Ni-based catalysts prepared using nickel nitrate showed relative higher activity compoared with that prepared by nickel chloride and sulfate, the nickel particles derived from the nickel nitrate were easy to agglomerate over the support upon calcination, and thus lead to a poor dispersion of metal particles after reduction and the weak interaction between nickel and support [103] .
Based on the results mentioned above, a multi-carboxylic nickel precursor was found to be a better choice to prepare efficient Ni-based catalysts [101, 104] . Wu et al. [98] investigated the effect of different nickel precursors, such as nickel nitrate (Ni-N), nickel chloride (Ni-C), nickel acetate (Ni-AC), and nickel acetylacetonate (Ni-AA), on the performance of steam reforming of glycerol ( Figure 5 ). As revealed in Figure 5 (a), the Ni/Al 2 O 3 prepared by nickel acetate (Ni-AC) possessed a moderate Ni reduction degree, high Ni dispersion, and small nickel particle size, leading to the highest H 2 yield (Figure 5b ) and the lowest coke production ( Figure 5c ). The worst performance of the nickel chloride derived Ni/Al 2 O 3 catalysts might be attributed to the large Ni particle size, low Ni dispersion, and the presence of residual chloride [54] . In addition, the Ni-based catalysts prepared by nickel citrate precursor also exhibited greater NiO-support interaction, higher Ni dispersion and smaller nickel particles than that prepared from nickel nitrate [101] .
Except for the conventional Ni precursors, further improvement has been obtained by selecting novel nickel precursors, such as a nickel-containing supramolecular framework ((NO 3 ) 2 Ni(H 2 O) 6 (HMA) 2 ·4H 2 O, HMA: hexamethylenetetramine) or a metal-organic [Ni 4 O 4 ] cubane cluster [105, 106] . The obtained catalysts supported by SBA-15 were defined as HMA@Ni/SBA-15 and Ni4/SBA-15, respectively. A schematic illustration of the modified catalysts is shown in Figure 6 and 7. The developed HMA@Ni/SBA-15 and Ni4/SBA-15 catalysts demonstrated much higher catalytic activity and stability than the traditional Ni/SBA-15 prepared by Ni(NO 3 ) 2 and Ni(OAc) 2 precursors, in relation to hydrocarbon conversion, hydrogen production and the prohibition of coke formation. The superior catalytic activity of the HMA@Ni/SBA-15 and Ni4/SBA-15 catalysts was suggested to be associated with the decreasing size of NiO nanoparticles, which could enhance Ni dispersion, improve reduction degree of NiO and strengthen the interaction between Ni and support.
Therefore, in order to obtain catalysts with outstanding catalytic performance in terms of the catalytic activity, stability and resistance to coke formation and sintering, the selection of Ni precursors is of significant importance. By comparing different studies, the organics-derived Ni precursors, especially with a cyclic or cubic structure, are beneficial to a higher dispersion of Ni, smaller Ni particles and enhanced Ni-support interactions, which contribute to a higher catalytic performance of tar reduction. <Figure 5> <Figure 6> <Figure 7>
Influences of preparation and pre-treated methods
Except for the selection of Ni precursors, the preparation method is another important factor that influences the catalytic activity [84] . Many efforts have been made to improve the preparation methods by changing the preparation procedure [84, 85, 95, 96, [107] [108] [109] [110] [111] , adjusting the Ni loadings [112, 113] and the molar ratio of Ni/promoters [107, 114] , and optimizing the preparation parameters [115] [116] [117] . It is known that the physicochemical features (total surface area, total pore volume and metal distribution) of catalysts prepared by various methods are significantly different [84] .
The most conventional method for catalyst preparation is impregnation. Nahar et al. [108] prepared three different Ni-based catalysts (Ni supported on pre-calcined Ce-Zr prepared by wet impregnation, Ni supported on in-house calcined Ce-Zr prepared by wet and dry impregnation) for steam reforming of biodiesel. An in-house calcined Ce-Zr was derived from the calcination of a 17 wt% cerium doped zirconia hydroxide at 600 o C for 6h, while a pre-calcined Ce-Zr defined as a 17 wt% cerium doped zirconia oxide (Ce 0.12 Zr 0.88 O 2 ) was pre-calcined by the manufacture. They found that the Ni catalyst supported on the pre-calcined Ce-Zr prepared by wet impregnation had smaller crystallite size of Ni, higher surface area and higher Ni dispersion, compared with the in-house calcined Ce-Zr supported Ni catalysts prepared by wet and dry impregnation, as shown in Table 4 . Oemar et al. [118] The impregnation method usually produces large metal particles, a weak interaction between metal particles and support, and a large inhomogeneity in the composition of catalysts [63, 88, 114] . Therefore, hydrotalcite-like compounds (HTlcs) [88, [119] [120] [121] , palygorskite-like compounds [95] , mayenite-like compounds [79] and other kinds of co-precipitated catalysts [110, 122] attract increasing attention, since the preparation of uniform nanoparticles catalyst is important for the catalytic performance. Wang et al. [85] reported that Ni-based catalysts prepared by co-precipitation had smaller metal nanoparticles, higher dispersion and stronger metal-support interaction than that prepared by wet impregnation, leading to a more stabilized solid structure and lower metal reduction extent. NiCu and NiFe alloy catalysts derived from HTlcs prepared by Li et al. [88, [119] [120] [121] showed superior performance in terms of catalytic activity, stability, coke resistance and regenerability in steam reforming of biomass tar, due to the formation of well-dispersed and uniform Ni-Cu and Ni-Fe alloy nanoparticles. In addition, catalysts with high metal loadings (up to 78%) and good dispersion could be obtained by co-precipitation method. For wet impregnation method, an exceed loading of metalscould cause the aggregation of large metal particles on the surface of support and result in a lower catalyst activity [110] .
In addition, some other methods, such as sol-gel [96, 116] , colloidal [109] ammonia evaporation [112] , and hydrothermal treatment methods [111] etc., could also be promising alternatives for catalyst preparation. Higher catalytic activity for H 2 production and tar conversion could be obtained using sol-gel than impregnation method, since the catalyst prepared by the sol-gel method has larger surface area and pore size. Moreover, the catalyst prepared by sol-gel method produced filamentous type carbons, which showed less negative effect on the catalytic activity than the amorphous type carbons, which were easily deposited over the impregnated catalysts, as shown in Figure 8 [96] . Ashok et al. [112] concluded that the metal-support interaction of Ni/SiO 2p catalyst prepared by ammonia evaporation method was stronger than Ni/SiO 2 catalyst prepared by conventional impregnation methods. In addition, a better catalytic activity and a lower yield of tar and char were obtained over a Ni/SiO 2p catalyst. It might be caused by the formation of unique nickel phyllosilicate structures in the Ni/ SiO 2p catalyst.
Luo et al. [111] reported that a nano Ni x Mg y O-hydro synthesized by hydrothermal method showed the most superior catalytic performance (97.4% conversion of methanol and 58.5% hydrogen yield) compared with those prepared by impregnation and co-precipitation methods. The Ni x Mg y O-hydro also exhibited the highest stability and carbon deposition was negligible for 20 h at a S/C ratio of 3. Both nano-scale active phases in the Ni x Mg y O matrix and high micropore volume led to the high catalytic performance. The good anti-carbon deposition ability of the catalyst could be attributed to the "isolation effect" of the Ni x Mg y O solid solution structure that mitigated the agglomeration of Ni nanoparticles. In addition, the MgO support with a high total basicity was able to supply sufficient oxygen from the adsorbed CO 2 and H 2 O to burn off amorphous carbon.
Based on the above analysis, the morphology, size and physiochemical properties could be adjusted by the preparation methods [84] . Among different synthesizing methods, hydrothermal, sol-gel and co-precipitation methods are more promising in increasing the catalytic performance compared with impregnation method. However, the catalysts that are synthesized by impregnation are still widely used, since the preparation method is much easier. Therefore, catalysts prepared by different methods could be selected according to different application aspects.
The calcination temperature was another significant parameter that could influence the incorporation of NiO into catalyst support and the consequent interaction between metal particles and the support, which was believed to be critical in avoiding Ni sintering and protecting the catalysts from coke formation [116] . It should be noted that an optimum calcination temperature was required depending on the species of supporting materials, e. [62] .
Besides, adjusting the molar ratio of active metal/promoter and the active metal loadings could also improve the catalytic performance of steam reforming catalysts. For example, it was reported that increasing Ni loading led to a higher catalytic activity and stability [124, 125] . However, for the Ni-based catalysts with promoters, a volcano-type trend was generally obtained by increasing the ratio of Ni/promoter. Catalysts with a Ni/Cu ratio of 4:1 (varying from 1 to 10) supported on Mg-Al HTlcs exhibited the highest catalytic activity and the lowest by-product yield in steam reforming of 1-methylnaphthalene [88] . Kathiraser et al. [107] revealed that a SBA-15 supported Ni-Fe catalyst with a Ni/Fe ratio of 6:1 showed the highest gaseous product yield of 90% derived from biomass gasification.
<Figure 8> <Table 4>
Influence of support materials
A number of studies have focused on the effects of catalyst support on the performance of Ni-based catalysts for reforming reactions and biomass gasification, since the support materials is considered to be important on catalytic activity [126] [127] [128] [129] [130] . The accommodation of Ni in the support could improve Ni dispersion, suppress the aggregation of metal particles and control the particle size efficiently [131] . The catalyst support plays important roles during catalytic reactions by providing adsorption sites to the reactants, and interacting with active metals to obtain a new phase. Therefore, the properties of a catalyst, including the reducibility, metal dispersion, mechanical strength could be affected by acidity/basicity, specific surface area, pore structure, and electronic structure of the support [59] . The influence of support material on the catalytic performance can mainly be divided into the following five aspects as: (1) providing mechanical strength/integrity and thermal stability, (2) offering surfaces to disperse active metals, (3) playing a chemical role in catalysis, (4) developing an interaction with active metals, and (5) changing the product distribution [59, 132] .
The most commonly used support for commercial Ni- [59] .
The modification of Al 2 O 3 support by adding promoters, such as rare metal oxides and alkaline-earth metals, will be discussed in the following sections. In this section, we aim at introducing other outstanding support materials. In previous studies, it can be noted that the effective supports for steam reforming catalysts could be classified as the following aspects: (1) Table 5 . Among these different supports, group 3 to group 6 are considered to be more promising in relation to the promotion of catalytic performance.
<Table 5>
REOs could be effective supporting materials due to their high oxygen storage capacity (OSC), good oxygen mobility and strong metal-support interactions. Park et al. [126] demonstrated that a 15 wt% Ni/CeO 2 (75%)-ZrO 2 (25%) catalyst exhibited a better catalyst performance in terms of catalytic activity, stability and ability of anti-carbon formation, compared with several commercial Ni catalysts and a lab-prepared Ni/γ-Al 2 O 3 catalysts. The superior catalytic activity of the Ni/CeO 2 -ZrO 2 catalyst was attributed to its greater redox characteristics and increased specific surface area. García-García et al. [148] Its outstanding performance could be attributed to the higher surface area, the enhanced metal dispersion and the stronger interaction of the metal and the support [153] . Although La 2 O 3 showed almost no impact on the yield of hydrogen, the stability of the catalyst was improved.
Natural minerals, such as calcined olivine, dolomites and calcite, have been extensively used as the supports of steam reforming catalysts, because they are inexpensive, non-toxic, disposable and these materials-based catalysts have high activity at high temperatures [154] . Dolomite generally contains 30 wt% CaO, 21 wt% MgO, 45 wt% CO 2 , and trace amounts of minerals such as SiO 2 , Fe 2 O 3 and Al 2 O 3 . It is active in tar removal, and is well-known for its CO 2 -capture abilities. Several studies used calcined dolomites (MgO-CaO) for the elimination of tar, which could be obtained by decomposing dolomite CaMg(CO 3 ) 2 at high temperatures ranging from 800 to 900 o C [35] . Calcined dolomite catalyst is more active for tar decomposition compared to un-calcined dolomite, owing to its larger (internal) surface area and higher oxide contents on the surface of the catalyst [14] . Siedlecki et al. [155] reported that the activity of CaO-MgO was higher than CaO and MgO for tar conversion, and the gas yield was in the sequence of calcined dolomite (CaO-MgO) > calcined magnesite (MgO) > calcined calcite (CaO). The addition of Ni in calcined dolomite promoted the tar reduction effectively. Chang et al. [156] found that the yield increased by 33% for H 2 , increased by 7% for syngas, and decreased by 59% for CH 4 over a Ni/dolomite at 900 o C, compared with calcined dolomite catalysts without Ni loading. Calcined dolomite based materials are considered to be effective catalysts for the destruction of oxygenated compounds, typically derived from steam gasification of biomass. However, the catalysts are less effective for the removal of PAHs that produced from air-blown gasification. In addition, calcined dolomite has the problems of easy erosion, due to its soft and fragile properties, which limits its application in fluidized-bed reactor [35] .
Olivine, as an iron-bearing mineral (Fe,Mg) 2 SiO 4 , is also considered as a promising steam reforming catalyst due to its optimal hardness. It can provide a good resistance to attrition, used at high temperature with a low yield of carbonaceous deposition [151] . Therefore, olivine is of particular interest for the in situ tar removal in fluidized-bed biomass gasification. NiO was generally grafted with or integrated into calcined olivine support to prevent attrition, sintering and the volatilization of nickel [157] . Ni/olivine as a low-cost catalyst could provide high stability and resistance for repeated high temperature processing in oxidizing (900 o C) and reducing (850 o C) atmosphere during circulation [158] . It is noteworthy that a fraction of NiO incorporated into olivine structure preventing the loss of Ni 0 formed during the reduction of NiO [159] . In the study of Świerczyński et al. [160] , a superior catalytic performance was obtained for a Ni/olivine catalyst, with higher catalytic activity, higher selectivity of H 2 and CO, and lower yield of carbon deposition by comparing with olivine alone [147] . A Ni/olivine catalyst with an optimal loading of 3.9 wt% Ni was prepared with nitrate nickel and calcined at 1100 o C. Almost a total toluene conversion was obtained at temperature above 650 o C. Characterization of catalyst indicated the presence of a particular structure of Ni-Fe/MgO/olivine in the reduced catalyst, which contributed to the excellent stability. Both Ni-Fe alloys and basic MgO oxide were beneficial for the suppression of carbon deposition, because Ni-Fe alloys could prevent carbon deposition by dilution effect, and MgO could enhance the steam adsorption, and consequently facilitate the gasification of surface carbon [147] .
Apart from the traditional natural materials, Guan et al. [62] also applied other natural material, i.e. calcined scallop shell (CS), for steam reforming of tar. Various irregular particles were attached on the surface of the shell for the un-calcined CS. However, the porous structure was clearly observed on the surface of the calcined CS at 800 o C, as shown in Figure 9 . As indicated in Figure 10 , the main compositions of the calcined CS at 600, 800, and 1000 o C for 5h were calcite (CaCO 3 ), CaO and CaCO 3 , and CaO, respectively, which were significantly affected by the calcination temperature. However, the CS calcined at 1000 o C showed a weak mechanical strength, and was very easily crushed into fine powders. Thus, CS calcined at 800 o C was considered to a more suitable catalyst for tar reduction due to its mechanical strength. The results demonstrated that the metallic forms of iron and nickel were considered as active sites for the reforming of tar rather than their oxide ones. At the beginning, NiO/CS and Fe 2 O 3 /CS showed little catalytic activity. The good activity appeared after approximately 30 min of reaction, owing to the reduction of metal oxide to its metallic form by the self-generated syngas (CO and H 2 ) produced from biomass pyrolysis. In addition, the alkaline elements in biomass could enhance the activity of catalysts. The alkaline metals were accumulated on the surface of the catalyst together with the biomass-derived tar. Therefore, a larger quantity of syngas was produced when the regeneration of catalyst was applied. A possible catalytic process was proposed in Figure 11 .
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As an important class of crystalline aluminosilicates, zeolites have also been widely used in heterogeneous catalysis due to the well-defined pore structures, extremely high surface area, and high surface acidity [144] . The advantages of using zeolites over amorphous catalysts mainly include [145] : (1) the adjustable acidity, (2) better thermal/hydrothermal stability, (3) higher specific surface area, (4) better resistance to nitrogen and sulfur compounds, (5) tendency toward low coke formation, and (6) easy regeneration ability. The confinement effect of mesoporous materials can efficiently stabilize the Ni particles during the reduction process, which accounts for the long-term stability [105] . Therefore, zeolite supported catalysts are of great potential in tar elimination. Buchireddy et al. [145] reported that nickel-supported ZY-30 and ZY-80 exhibited the highest naphthalene conversions of over 99% for 97 h, followed by nickel-supported ZY-5.2, SiO 2 /Al 2 O 3 , and chabazite. Wang et al. [131] conducted steam reforming of ethanol over Ni-based oxygen carriers (OCs) with different supports including alloy Ni/Al 2 O 3 , lamellar Ni/MMT, mesoporous Ni/Al-MCM-41 and mesoporous Ni/SBA-15. As presented in Figure 12 , Ni/SBA-15 exhibited the most efficient confinement effect followed by Ni/Al-MCM-41, Ni/MMT and Ni/Al 2 O 3 via: 1) small nickel particle size and high dispersion as well as strengthened metal-support interaction; 2) sintering resistance due to the spatial restriction of support; and 3) anti-coke capability derived from small nickel particles and ordered diffusion routes for reactants and products. The silica supported OCs (Ni/SBA-15 and Ni/MMT) were conductive to promote WGS reaction, but the supports containing Al atoms (Ni/Al-MCM-41 and Ni/Al 2 O 3 ) were favorable for coke deposition due to the formation of acid sites. The Ni/Al-MCM-41 exhibited an excellent activity in initial cycle, however, the deactivation and sintering of active sites resulted from the collapse of the Ni/Al-MCM-41 structure happened due to the weak thermo-stability [44] . Ye et al. [161] investigated the acidity of Ni/MCM-41 catalyst for tar reduction in biomass gasification. The catalyst with higher acidic sites produced higher hydrogen. However, the formation of coke on the catalyst was also slightly promoted. Furthermore, Ni/MCM-41 catalyst was used for the reduction of tar, in relation to the location of Ni metal particles [162] . Adding 10 wt.% Ni particles inside the pores of MCM-41 was found to increase the production of hydrogen and reduce the formation of coke on the surface of the spent catalyst, compared to locating most of the Ni species on the surface of the MCM-41 support.
<Figure 12>
In addition, Ni-based catalysts supported on synthetic minerals, such as hydrotalcite-, palygorskite-, perovskite-and mayenite-like compounds, showed excellent performance in steam reforming of tar, due to the formation of smaller metal nanoparticles, higher metal dispersion and stronger metal-support interaction [85] . Soongprasit et al. [163] reported that La 0.6 Ce 0.4 NiO 3 catalyst could promote the conversion of toluene to CO and H 2 , reaching the highest yield of 57.26%
for CO and 76.62% for H 2 at 800 o C, respectively. The catalysts showed good stability and no deactivation were observed for 3h. This could be attributed to the presence of smaller particles, bigger specific surface area and improved reducibility of the perovskite catalyst. In the study of Laosiripojana et al. [97] Figure 13 . The superior catalytic performance of these two catalysts might be attributed to the formation of magnesium aluminate spinel, which offered enhanced O and -OH anion spillover from the support surface onto the metallic particle [164, 165] 
Modification of Ni-based catalysts
Except for the preparation methods and supporting materials, the catalytic performance of Ni-based steam reforming catalysts could also be modified by the activation of Ni active site (alloying with secondary transition metals and noble metals) and the addition of various promoters (rare earth oxides, alkaline-earth metals and alkali metals).
Alloying with secondary transition metals
The performances of Ni-based catalysts can be improved by the addition of secondary metals as promoters, such as Fe, Co, Mn, and Cu, etc. [87, 107, 112] . The promotion effect of these secondary transition metals might be attributed to the formation of Ni-Me (Me: secondary transition metals) alloys [56] .
Among these metals, Fe is considered to be a promising choice due to its good redox properties. Previous study showed that the intimate interaction between Fe and Ni led to the formation of a Ni-Fe alloy, and then resulted in the improvement of steam reforming activity of Ni-Fe/Al 2 O 3 catalysts [58] . Adding Fe into Ni-Al based catalyst was reported to reduce hydrogen production slightly during gasification of wood sawdust [166] . However, the prohibition of coke formation on the reacted catalyst was enhanced. Ashok et al. [56] applied iron-alumina-supported nickel-iron alloy catalysts (NFA) for steam reforming of toluene as a model tar compound. Ni supported on a Fe 2 O 3 -Al 2 O 3 support calcined at 500 °C [NFA (500)] showed the best catalytic activity and stability for 26 h with a H 2 /CO value of 4.5. The superior catalytic performance of the NFA (500) could be attributed to the synergy between Ni and Fe atoms in terms of forming Fe-rich Ni-Fe alloy particles and the strong metal-support interactions. In addition, a larger amount of surface active metal species and available lattice oxygen species, and higher catalyst surface area also played important roles in the promotion of reforming activity of the NFA (500) catalyst. Li et al. [121] evaluated the performance of Ni-Fe-Mg-Al catalysts at 823-923 K in steam reforming of biomass tar derived from Cedar wood (particle sizes of 0.1-0.3 mm). The results indicated that the Ni-Fe/Mg/Al catalyst with an optimized Fe/Ni ratio (0.25) exhibited the highest catalytic activity and catalyst stability, resulting in a tar conversion of almost 100%, much higher than 80% catalyzed by the Ni/Mg/Al and 24% by the Fe/Mg/Al catalyst. In addition, the Ni-Fe catalysts were easier to be regenerated by the oxidation-reduction treatment for the removal of coke. The characterization of the Ni-Fe catalysts indicated that its superior catalytic performance should be attributed to the formation of uniform Ni-Fe alloy NPs and the synergetic effect of Ni and Fe.
Co, Mn and Cu were also considered as promising co-catalysts in steam reforming of biomass tar [167] . Wang and his coworkers [114] investigated the performances of Ni-Co/Al 2 O 3 catalysts in steam reforming of tar from pyrolysis of cedar wood at 923K. The Ni-Co/Al 2 O 3 catalyst with an optimizing Ni/Co ratio of 0.25 exhibited much higher catalytic performance in relation to the catalytic activity, the resistance to coke formation and catalyst lifetime compared to the corresponding monometallic Ni and Co catalysts. This behavior was attributed to the formation of Ni-Co solid solution alloys. Koike et al. [168] investigated the effect of MnO x on steam reforming of toluene over a Ni/Al 2 O 3 catalyst. The results indicated that the catalytic performance was enhanced obviously due to the mobility of oxygen from neighboring MnO x to carbonaceous intermediates. Li et al. [88] prepared Ni-Cu alloy nanoparticles for steam reforming of 1-methylnaphthalene (1-MN) . The results indicated that the Ni-Cu alloy NPs showed much higher catalytic activity than the Ni-based catalyst, and the best reforming performance was obtained over the catalyst with a Cu/Ni ratio of 0.25, with the highest conversion of 1-Mn (100%), the highest formation rate of syngas and the lowest yields of undesirable by-products (benzene, naphthalene and coke). It could be attributed to the stronger dissociative adsorption of steam on Ni-Cu alloy nanoparticles. Therefore, more adsorbed oxygen species were formed, and subsequently the gasification of carbonaceous species was enhanced, leading to a higher activity and a lower coke deposition.
Based on the above analysis, the formation of alloys, obtained through strong interaction between Ni and co-catalyst species, is a crucial entity in preparing bimetallic and polymetallic catalysts for steam reforming of tar [56] .
Doping with noble metals
Noble metals (NM), such as Pt, Pd, Rh, Ru, Ir, Au, etc., could also be used as efficient co-catalyst species, due to the high catalytic activity, good resistance to carbon formation and sulfur tolerance in steam reforming processes [169] . This is because that the kinetics of carbon gasification on noble metals are fast and the low carbon solubility in their bulk is against to the growth of carbons [170] . The commercial application of noble metal catalysts with high loadings was limited due to their high cost [62, 64] . In most cases, however, noble metals with trace amounts could be regarded as the promoter for Ni-based catalysts.
Chen et al. [90] compared the activity of different monometallic and bimetallic Ni catalysts (Ni-Fe, Ni-Cu, IrNi, RhNi, PtNi, RuNi, AuNi and PdNi) in stream reforming of biomass tar, as shown in Figure 14 . The results indicated that the addition of noble metals improved the catalytic activity of Ni-based catalysts, and the PdNi catalyst showed the highest performance among the noble metal added catalysts. In addition, the PdNi catalyst was proved to be more promising than the Ni-Fe and Ni-Cu catalysts in terms of activity, catalyst lifetime and the resistance to coke deposition [86] . The highest catalytic performance of the PdNi catalyst should be attributed to the enhanced reducibility of Ni species and the dispersion of Ni metal particles simultaneously [171] . Luciene et al. [172, 173] demonstrated that PdNi and PtNi catalysts exhibited a higher catalytic performance than IrNi and RuNi in steam reforming of ethanol and glycerol. It might be attributed to the obvious decrease of reduction temperature of NiO speciesby the in-situ generated hydrogen. The active Ni sites were stabilized in the reduced state throughout the reaction with the added noble metals, leading to the increase of tar conversion and the decrease of coke formation. In addition, other studies also revealed that the addition of noble metals could alleviate the sintering of Ni-based catalysts by forming Ni-NM alloys [174] [175] [176] .
Generally, the catalytic activity of noble metals is significantly different in various cases. In previous studies, an activity order of Pd > Ir > Pt~Rh > Ru > Ni was given in steam reforming of methane [177] . However, Dagle et al. [169] reported that Ir and Rh showed better performance than Ni, Ru, Pt and Pd in terms of activity and stability in steam reforming of methane containing benzene and naphthalene. The catalytic mechanism of IrNi catalyst for steam reforming of biogas containing tar was given by combining the theoretical calculation (ab initio molecular dynamic (AIMD) simulations) and experimental results. The optimized structures of the monometallic (Ni and Ir) and bimetallic IrNi catalysts are presented in Figure 15(a) , along with the atoms distribution in the direction along the surface normal. A well-mixed Ni-Ir alloy was obtained in the gas-phase Ir 5 Ni 45 cluster. For the energetics of decomposing the simple hydrocarbon CH 4 to CH 3 +H, CH 2 +2H, CH+3H and C+4H (Figure 15b) , the relative energetics of the last reaction: CH+3H→C+4H was taken as the propensity of the clusters to form coke. As shown in Figure  15 (b), both Ni 50 cluster and isolate Ir on Ir 5 Ni 45 were more favorable for the coke formation (∆E CH/C <0 kJ/mol). Conversely, a ∆E CH/C of 63 kJ/mol was obtained for the Ir 5 Ni 45 , which was much higher than that of the Ir 50 and Ir 25 . In addition, Figure 15 (c) shows the reaction energy profile for carbon monoxide formation, and small Ir5Ni45 cluster supported on spinel exhibited the highest energetic preference for CO formation. Therefore, the Ir sites on alloyed Ir-Ni nanoparticles showed higher performance on the promotion of CO formation and the resistance to coke formation. For steam reforming of syngas containing tar over the IrNi system, small Ir clusters (∼2-3 atoms) on the surface of larger Ni-rich particles (≥5 nm) resulted in electron-rich Ir sites. These sites led to the improved durability and activity of the Ir-Ni catalysts compared with the catalyst with Ni or Ir alone.
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Doping with rare earth oxides (REOs)
Rare earth oxides (REOs) are widely recognized as redox promoters which can improve the system's electronic properties by increasing the metal-support interaction and the oxygen storage capacity of catalyst [178, 179] . Therefore, REOs (such as La 2 O 3 , CeO 2 , Pr 6 O 11 , Sm 2 O 3 , etc.) were extensively used for steam reforming of tar [180] [181] [182] [183] . The addition of REOs to Ni-based catalysts lead to the improvement of metallic dispersion, the increase of redox properties, the minimization of metal sintering and the enhancement of the resistance to carbon deposition and sulfur poisoning [181] [182] [183] [184] [185] . These behaviors could be attributed to the enhanced generation of oxygen vacancies in doped REOs [181, 186] .
Among different REOs, CeO 2 was considered as a promising promoter of steam reforming catalysts, since CeO 2 exhibited higher catalytic performance than other REOs, such as La and Pr [143, 179, 183] . The higher activity of CeO 2 in steam reforming reactions can be attributed to the outstanding redox characteristics of high oxygen transfer capability and oxygen storage capacity [102, [187] [188] [189] . Muñoz et al. [179, 185] showed that the introduction of redox promoters, such as Ce and Pr, improved the reducibility, basicity (in terms of strength) and oxygen mobility of the Ni-Co catalysts. As a consequence, the carbon gasification and WGS reaction were promoted by the addition of REOs. For steam reforming reactions on CeO 2 -promoted Ni catalysts, more oxygenated species (such as the -O and -OH groups) were produced, when water was adsorbed dissociatively on the support or on the lattice oxygen at the interface of metal and redox support. As a consequence, the carbonaceous components deposited on the catalyst surface could be easily gasified during reforming of tar [102, 187] . Ashok et al. [190] applied CeO 2 -promoted Ni/CaO-Al 2 O 3 catalysts for steam reforming of toluene. A series of characterizations of catalysts (XRD, TPR, XPS, CO 2 -TPD, TGA, CO pulse chemisorption and Hammett indicator methods) were conducted for the analysis of catalytic mechanism. The results indicated that the Ni/Ca-Al-Ce(0.2) showed superior catalytic performance due to its higher surface basicity and basic strength, higher amount of surface metallic nickel, enhanced reducibility of supported nickel species by the redox property of CeO 2 , and stronger interaction between Ni and Ce species.
La 2 O 3 is another promising REO which is frequently used for the promotion of Ni-based catalysts except for CeO 2 . Garbarino et al. [92] REOs can not only be used as promoters and additives in Ni-based catalysts, but they can also be used as alternative supports to improve the catalytic performance of nickel in steam reforming reactions. This is not only because it has interesting redox properties, but also because it can modify the properties of active metals by strong metal-support interactions [191] [192] [193] [194] [195] .
Promotion with alkaline-earth metals
During steam reforming of tar over alumina supported catalysts, the acid sites of alumina promoted the carbon deposition, leading to the decrease of catalyst stability and the increase of reaction backpressure. One of the promising approaches to minimize carbon formation is to promote its gasification by modifying the support with alkaline earth metals such as Mg, Ca, Sr and Ba [196, 197] . These additives exhibited strong water adsorption and OH surface mobility, decreasing the rate of coke deposition on catalyst surface [198] . The modification methods can be classified into two aspects: (1) promoting steam reforming reactions and decreasing the acidity of catalysts by the addition of alkaline earth metals to the active metals, and (2) increasing the oxygen vacancies and mobility of active oxygen (i.e. free oxygen and lattice oxygen) by introducing alkaline earth metals in the support.
The modification of active metals by alkaline-earth metals (e.g. Ca, Mg and Sr) decreases the acidity of steam reforming catalysts, and induces a more favorable reaction pathway. It can also promote the catalytic activity by enhancing the nickel dispersion [198, 199] . However, the enhancement of supports by alkaline-earth metals showed much more complex mechanisms. Li et al. [79] synthesized nickel calcium aluminum catalysts (Ni/Ca 12 Al 14 O 33 ) forsteam reforming of toluene in a fixed bed reactor. They found that even 1% of Ni loading catalyst showed an excellent performance in terms of catalytic activity, catalyst lifetime, resistance to carbon deposition and sulfur-tolerant ability. This was due to the presence of "free oxygen O 2 -and O 2 2-" in the framework of mayenite, which was confirmed by the Raman spectra ( Figure 16 ). Sekine et al. [200] should be attributed to the lattice distortion caused by Sr doping, since it produced higher concentrations of oxygen vacancies on the surface of the catalyst. Therefore, the activation energy of the migration of lattice oxygen was reduced, the mobility of lattice oxygen species was enhanced, and the adsorption abilities of gas phase oxygen species was improved [202, 203] . Besides, the influence of alkaline earth metal (Mg, Ca, and Sr) substitution to LaNi 0.8 Fe 0.2 O 3 perovskite catalyst on steam reforming of toluene was investigated [204] . The catalytic activity decreased with the order of La 0. 8 (LMNFO) catalyst. However, the amount of carbon deposition on the surface of the reacted catalyst showed an absolutely opposite order of LSNFO < LCNFO < LMNFO < LNFO, as presented in Figure 17b . LSNFO was proved to be the most potential as for the catalytic activity and resistance to carbon deposition, owing to the increasing amount of active sites and lattice oxygen, as displayed in Figure 17a .
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Activation by alkali metals
Alkali metals, such as Na and K, are the representative impurities in biomass. They are easy to be volatilized and condensed with the produced tar during gasification process [205] . Therefore, alkali metals species were generally retained in the biomass-derived tar, and played a role in catalytic reduction of tar [206] . It was reported that alkali metals, especially K, could enhance hydrogen production from biomass pyrolysis or catalytic reforming of biomass-derived tar [4, 14, 89] . The typical K-levels in the gas phase was around 0.01-5 ppmv (db) [207, 208] .
Iwasa et al. [209] found that the addition of alkali metals into catalyst significantly enhanced the initial activity of a Ni-incorporated mesoporous smectite-like material (SM(Ni)) for steam reforming of acetic acid as a model compound of bio-oil. An activity order of K > Na > Rb > Li > Cs was obtained (Figure 18a ) and the 1.0 wt% K-modified SM(Ni) catalyst exhibited the best performance for acetic conversion. This is because that the addition of K promoted the reduction of Ni species, thus more metallic Ni species were available for catalytic reactions. Consequently, the K-modified SM (Ni) catalyst showed a higher initial activity, which was gradually decreased due to deposition of carbon on the surface of reacted catalyst (Figure 18b ). Akiyama et al. [210] observed that a cesium-doped Ni/ZrO 2 catalyst was more effective in promoting hydrogen formation and suppressing carbon deposition than the Li-, K-, La-and Ce-doped catalysts in steam reforming of ethanol. The catalytic mechanism of Cs 0.2 Ni/ZrO 2 was given by the pulse experiment using H 2 18 O and TPD (temperature-programmed desorption) characterization, as indicated in Figure 19 . It is indicated that the Cs 0.2 Ni/ZrO 2 was helpful to facilitate the dissociation of H 2 O to 2H and O atoms. In addition, the decomposition of CH 3 CHO to form hydrogen and CO 2 through the CH 3 CO species was promoted. Furthermore, the TPD results showed that the C-H breaking in the CH 3 CO species was enhanced in the presence of the Cs-doped Ni/ZrO 2 catalyst compared to the Ni/ZrO 2 catalyst. Guan et al. [62, 206, 211] found that a small amount of alkali species such as potassium added in the biomass could be accumulated on the surface of catalysts with biomass-derived tar, and hence promoted significantly the catalytic activity of the regenerated catalyst. Krerkkaiwan et al. [212] confirmed that the char derived from co-pyrolysis of coal and giant leucaena wood exhibited a good catalytic steam reforming of tar because of the high surface area and the presence of alkali and alkaline earth metals (AAEM) on the char. The enhancement of alkali metals on catalytic activity was believed to be related to the catalytic functions of AAEM and the transfer of OH and H radicals from coal to biomass [213] .
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Potassium can not only affect the yields of gaseous, liquid and char products, but also can lead to the change of their compositions, especially the liquid compositions. It is obviously that potassium was benefical for the formation of low molecular weight compounds in biomass pyrolysis by reducing the amount of levoglucosan [214] . Wang et al. [215] reported that K 2 CO 3 had a strong catalytic activity for the decomposition of hemicellulose, cellulose and lignin constituents. The addition of K 2 CO 3 leaded to the decrease of liquid product yield and the increase of gaseous (H 2 , CO 2 and CO) and char yields, which were caused by the promotion of secondary reactions of liquid products. With the addition of 17.7 wt.% of K 2 CO 3 , saccharides, aldehydes and alcohols were not formed, the yields of acids, furans and guaiacols were substantially reduced, and the yields of alkanes and phenols were increased.
Cosidering the effect of alkali metals on the catalytic activity of steam reforming process, there are different conclusions about the negative effect of alkali metals on hydrogen production from thermo-chemical conversion of biomass. For example, it was reported that the addition of alkali metals reduced the reforming activity of catalyst due to the loss of surface area that was caused by the sintering of alkali metals and clogging of wider pores [216] . Li et al. [217] exposed a Ni-based catalyst to different alkali salt vapors (KCl, K 2 SO 4 , and K 2 CO 3 ) and subsequently the deactivation of reforming reaction was detected. Meanwhile, physical characterization revealed the severe loss of surface area of the catalyst. K 2 SO 4 was expected to show the most deleterious effect due to the additional sulfur dosing. Although the addition of alkaline promoters caused the decrease in the catalytic activity due to thermal sintering, the resistance against deleterious carbon whisker and the long-term stability of the catalyst were simultaneously increased due to the adsorption of alkali metals [94, 218] .
Concluding remarks
Biomass conversion into energy species, especially syngas, is of significant importance, since it can be used as an alternative substitution of the fossil energy for energy production. However, the formation of undesirable tar limits the utilization of syngas. The application of Ni-based catalysts in steam reforming of tar attracts increasing attention due to their high activity, low-cost and easy regeneration. Meanwhile, the further modification of conventional Ni-based catalysts is still essential due to the easy deactivation caused by coke deposition and the sintering of metal particles.
Thus, the modification methods of Ni-based steam reforming catalysts have been summarized in this manuscript, including the motivation of active metals, the addition of promoters, the enhancement of supporting materials and the modification of preparation methods. It will offer guidance for further research works on promoting the catalytic performance of conventional Ni-based catalysts. The detailed modification methods are suggested be conducted in the following aspects:
 Motivation of the active metals by: (i) alloying Ni with secondary metals, such as other transition metals (Fe, Co, Cu, Mn, etc) to improve the oxygen adsorption ability, promote carbon gasification and increase the resistance to coke formation, and
(ii) enhancing the reducibility of Ni species and simultaneously increasing the dispersion of Ni metal particles by adding noble metals (Pt, Pd, Rh, Ru, Ir, Au, etc.).  Addition of promoters by doping of: (iii) rare earth metals (La 2 O 3 , CeO 2 , Pr 6 O 11 , Sm 2 O 3 , etc.) with outstanding redox ability, in order to increase the metal-support interaction, the oxygen storage capacity of catalyst and further promote coke gasification;
(iv) alkaline-earth metals (Mg, Ca, Sr, Ba, etc.), with the purpose of promoting steam reforming reactions and decreasing the acidity of catalyst by the addition of alkaline earth metals to the active metals, and increasing oxygen vacancies and mobility of active oxygen by introducing alkaline earth metals in catalyst supports; and (v) alkali metals (especially K) for promoting the reduction of Ni species and increasing the basicity of catalysts.
 Enhancement of supporting materials, by using: (vi) rare-earth oxides due to the high oxygen storage capacity (OSC), oxygen mobility and strong metal-support interactions;
(vii) modified natural minerals (calcined olivine, dolomites, calcite, scallop shell) because of their high activity at high temperature, excellent CO 2 adsorption ability, low cost, non-toxic and easy availability; (viii) zeolites (SBA-15, ZSM-5, MCM-41, etc.) because of their well-defined pore structures, extremely high surface area, better thermal/hydrothermal stability, easy regeneration ability and higher confinement effect of their mesoporous structures; and (ix) synthetic minerals (hydrotalcite-, palygorskite-, perovskite-and mayenite-like compounds) due to the formation of smaller metal nanoparticles, higher metal dispersion and stronger metal-support interaction.
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